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00 (54) Title: A METHOD FOR THE PREPARATION OF NANOPARTICLES 



(57) Abstract: The invention relates to free nano-sized particles of active agents e.g. therapeutic, cosmetic or diagnostic agents, and 
to a method for the preparation of such particles. The method comprises providing a liquid feed stock comprising an active agent or 
combination of two or more active agents, atomising the liquid feed stock, suspending the droplets in a carrier gas, and passing the 
carrier gas and droplets through a heated tube flow reactor under predetermined residence time and temperature history, and collect- 
ing the particles produced. Nano-sized crystalline spherical uncharged particles with narrow aerodynamic particle size distribution 
and rough surfaces, are obtained. The particles show improved dissolution rate in-vitro and bioavailability in-vivo, dispersibility and 
stability. 



WO 02/056866 



1 



PCT/FI02/00042 



A METHOD FOR THE PREPARATION OF NANOP ARTICLES 



Field of the invention 

The present invention relates to free nano-sized particles of active agents and 
5 to the method for preparing such particles. The method is particularly useful in the 
preparation of nano-sized particles of therapeutically active agents such particles 
being suitable for e.g. oral, pulmonary or transdermal delivery. 



Background of the invention 

10 

Increased drug dissolution rate is often desirable, particularly when bioavaila- 
bility (the amount of drug available in the targeted site(s) after administration) 
problems are encountered. One way to increase the dissolution rate of an active 
material is by increasing the specific surface area of a given particle. This can be 
1 5 achieved by reducing the particle size. Furthermore, reducing the particle size to 
nanometers increases the accessability of the drugs to the targeted sites. 

Efforts have been made to generate drug particles with size down to tens of 
nanometers. Dry and wet milling techniques have been widely used to reduce the 

20 particle size to tens of nanometers (US 4,107,288, US 5,534,270, US 6,045,829). 
However, the nano-sized particles cause cake formations in the grinding materials 
and milling chambers thereby significantly reducing the size reduction efficiency of 
the process. This results in broad particle size distribution and non-uniformity in 
particle size. Furthermore, the milling process can introduce changes in particle 

25 morphology, damage in particle crystalline structures, variability of particle 

properties among different batches, and possibly contamination, which is undesirable 
in pharmaceutical material productions. 

Other approaches to produce nanoparticles include a method described in WO 
97/13503. The method involves combining the agent and matrix materials to form a 

30 composite mixture, which is then spray dried to form a nanocomposite. Accordingly, 
the method produces composite particles wherein nano-sized drug particles are 
distributed and embedded within the surface structure of the matrix constituents. 
However, addition of other materials in drugs are usually not desired, especially 
when the additional materials may induce side effects upon administration into the 

35 body. 
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The present invention aims to provide a simple and efficient method which is 
able to produce free nano-sized particles of an active agent with consistent and 
controlled particle properties, including particle size and size distribution, shape, 
5 crystallinity, polymorphic phase, surface roughness and chemical purity. In particu- 
lar, the aim is to provide nano-sized particles, which are not strongly adhered to or 
embedded within a solid matrix material as in WO 97/13503. Such particles would 
be particularly well suited for e.g. oral, pulmonary, and transdermal drug delivery. 

10 Summary of the Invention 

It has been found that it is possible to obtain free uncharged, spherical and 
crystalline nano-sized particles of active agents with a narrow aerodynamic particle 
size distribution, using an aerosol flow reactor method. The active agent is preferably 

1 5 a therapeutic, cosmetic or diagnostic agent The method is particularly useful in the 
preparation of free nano-sized particles of therapeutically active agents. The size of 
the resulted particles may be in the range from a few micrometers to as small as 3 
mn. The particles exhibit improved dispersibility, good stability as a result of their 
crystalline nature, and more accurate delivery of the active agents into the targeted 

20 sites. Moreover, the method of the invention provides a high purity product since the 
product purity only depends on the purity of solution precursors. The method is 
simple and can be easily scaled-up to higher production rates. 

In one aspect, the present invention provides a method for preparing free nano- 
25 sized particles of an active agent, comprising the steps of: 

providing a liquid feed stock comprising an active agent or combination of two 
or more active agents; 

atomising the liquid feed stock to create droplets; 
suspending said droplets in a carrier gas; 
30 passing said carrier gas and droplets suspended therein through a heated tube 

flow reactor under predetermined residence time and temperature history; and 
collecting the nano-sized particles produced. 

The nano-sized particles obtained are particularly suitable for use in 
35 pharmaceutical, cosmetic or diagnostic compositions. For example, the nano-sized 
drug particles can be used in dry powders or in powders dispersed in liquids or 
colloidal suspensions for pulmonary drug delivery, tablets, capsules, mixtures, 
emulsions or syrups for oral administration or for patches and the like for 
transdermal drug delivery. 
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The mean mass aerodynamic diameter of the particles is generally between 
about 10 and 1000 nm, typically between about 20 and 500 nm, more typically 
between 30 and 100 nm. The aerodynamic particle size distribution of the particles is 
5 generally between 3 and 5000 nm, typically between 10 and 1000 nm, more typically 
between 20 and 200 nm. 

The term "free nano-sized particles" means here nano-sized particles, which 
are not strongly adhered to or embedded within a solid matrix material. A "free 
1 0 nano-sized particle" produced according to the method of the invention is an 

individual particle possibly loosely agglomerated with other nano-sized particles. 

Brief Description of the Drawings 

1 5 Figures la and lb are schematic diagrams showing parts of the apparatus used 

in the method of the invention. 

Figure 2 is normalized number size distribution of beclomethasone 
dipropionate particles produced. 

Figures 3a and 3b show TEM images of beclomethasone dipropionate 
20 particles. 

Figure 4 shows a diffractogram of beclomethasone dipropionate particle. 



Detailed Description of the Invention 

25 

The present invention employs an aerosol flow reactor method (aerosol 
synthesis method). It is a one-step continuous process, which can directly produce 
particles within a desirable size range. The method of the present invention differs 
significantly from the conventional spray drying process. In spray drying, hot gas is 

30 used as a source of energy to evaporate the solvent. The spray drying chamber is only 
used as a place for the heat transfer between gas streams to occur. The chamber itself 
is not heated. The temperature of the gas changes across the chamber as heat transfer 
occurs between the cold feed and the hot gas. Furthermore, the evaporation is 
typically so rapid that it is not easy to properly control the temperature history and 

35 the residence time of each droplet and product particle. Thus, the crystallization can 
not be easily controlled, and the particles formed are typically amorphous. 

In the method of the invention, the droplets containing the active agent are 
suspended in the carrier gas before they are fed into the tubular flow reactor, which is 
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maintained at a constant temperature. The carrier gas flows evenly m tae tubular 
reactor with a constant rate, and controlled temperature and flow field. Therefore, the 
temperature history and the residence time of each droplet and product particle can 
be accurately controlled and excellent uniformity of the particles can be ensured. 
5 Accordingly, the method provides better control of the droplet size distribution, and 
thus the particle size distribution. Furthermore, in contrast to spray drying, the 
method of the invention allows essentially complete crystallization of the particles. 

The method of the invention comprises generally the following steps: 
1 0 providing a liquid feed stock comprising an active agent or combination of two 

or more active agents; 

atomising the liquid feed stock to create droplets; 
suspending said droplets in a carrier gas; 

passing said carrier gas and droplets suspended therein through a heated tube 
1 5 flow reactor under predetermined residence time and temperature history; and 
collecting the nano-sized particles produced. 

The liquid feed stock is prepared by mixing the active agent with a suitable 
liquid solvent. The liquid feed stock may be in the form of a solution, suspension, 
20 dispersion, gel, emulsion, slurry or the like, and is preferably homogenous to ensure 
uniform distribution of the components in the mixture. The liquid feed stock in the 
form of a solution is preferred. 

Various solvents may be employed in the preparation of the a liquid feed 
25 stock, including but not limited to, water, hydrocarbons, halogenated hydrocarbons, 
alchohols, ketones and the like. Examples of suitable solvents include water, hexane, 
perfluorohexane, ethanol, methanol, acetone, chloroform, methylene chloride and 
combinations thereof. 

30 In case the liquid feed stock is a solution, the active agent should be 

sufficiently soluble in the solvent so as to obtain, from the atomized droplets of the 
liquid feed stock, uniform particles with the desired particle size and size distribu- 
tion. The total solids dissolved may be present in wide range of concentrations, 
typically from about 0.01 % to about 25 % by weight, preferably from about 1 % to 

35 about 5 % by weight. A liquid feed stock containing a relatively low concentration of 
solids results in particles having relatively small diameter. The finding of suitable 
liquid feed stock concentrations for each active agent/solvent combinations is 
considered to be routine to one skilled in the art. 
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Any of a variety of active agents, and in particular therapeutically active 
agents, can be used in the method of the invention. Particularly suitable agents in- 
clude, but are not limited to, anti-inflammatory agents such as aspirin, naproxen, ibu- 
profen, beclomethasone, indomethacin and diclofenac and their salts, bronchodilator 

5 agents such as formoterol, salbutamol, terbutaline, procaterol, and salmeterol and 
their salts, antibiotic agents such as penicillins, tetracillins, aminiglycoside, antiviral 
agents, immunosuppresive agents, immunostimulatory agents, antifungal agents, 
anesthetic agents, antioxidants, antidiabetic agents, vitamins, hormones, antiepilectic 
agents, muscle relaxants, anti-EHV agents, anticancer agents, stimulants, cough 

10 supressants, pain controls, smoking cessation agents, anti alcohol abuse agents and 
combinations thereof Such therapeutic agents can be peptides, proteins, nucleic 
acids, carbohydrates, lipids, steroids, radioactive compounds, and the like, and the 
combinations thereof 



1 5 The method of the invention can be also used to produce nano-sized particles 

of cosmetic and diagnostic agents. If desired, particles of e.g. photochemical, 
catalyst, fertilizer, pigment, propellant, food, explosive or agriculture agents can be 
also prepared. 

20 The liquid feed stock is atomized to create droplets in a suitable atomizer, 

which are well known in the art, such as a spray nozzle (e.g. a two fluid nozzle), an 
air assisted or air blast nebuliser, a spinning disc, a pressurised liquid atomizer, an 
ultrasonic nebulizer, electro spraying, vibrating orifice aerosol generator (VOAG) or 
rotating aerosol generator. Ultrasonic and air-assisted nebulizers are preferred. 

25 Examples of the devices used in this process include ultrasonic and air-assisted aero- 
sol generators sold under trademarks GAPUSOL 9001 and TSI 3076, respectively. 
While there are no special restrictions placed on the atomisers used in the process, it 
is recommended to use an atomiser that can produce uniform droplets of constant 
composition and with a narrow droplet size distribution. Such devices are suitable to 

30 produce nanodrugs of controlled composition and particle size range suitable for 
drug delivery. 

The size of the atomized droplets are generally smaller than about 10 /*m, 
preferably smaller than about 5 /un, preferably below 1 pun, depending on the 
35 composition of the liquid feed stock and the desired final particle size. 

The droplets of the liquid feed stock are suspended in a carrier gas before 
passing through a heated tubular flow reactor. The carrier gas is preferably inert with 
respect to the drug molecules and the solvent. It is recommended to use nitrogen gas 
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or other inert gases. Alternatively, the gas may include a component conmouung xo 
the formation of particles. However, an inert gas is preferred. 

The droplets suspended in the carrier gas are passed through a tubular flow 
5 reactor, which is maintained at a constant temperature or divided into several heating 
zones. Constant temperature of the reactor is preferred. The temperature and the flow 
rate of the carrier gas are adjusted to evaporate the solvent and to allow the crystalli- 
sation process to complete. Because the droplets are already suspended in the carrier 
gas when fed into the reactor (i.e. the droplet generation and flow reactor are 
1 0 separated), the temperature history and residence time of each droplet and product 
particle can be properly controlled. Therefore, excellent uniformity of the resulted 
particles and narrow particle size distribution can be ensured. 

The particles formed are then collected using an electrostatic precipitator, a 
1 5 cyclone, a planar filter (e.g. nylon, teflon, etc.) or other particle collecting devices. 

The aerosol flow reactor conditions are preferably selected such that crystalli- 
ne or amorphous (depending on the application), essentially spherical particles of 
homogeneous constituents having a narrow particle size distribution and rough sur- 
20 faces are formed. 

The mean mass aerodynamic diameter of the particles is generally between 
about 10 and 1000 nm, typically between about 20 and 500 nm, more typically 
between 30 and 200 nm. It is particularly preferred that the mean mass aerodynamic 
25 diameter of the particles is less than 500 nm, more preferably less than 200 nm, and 
most preferably less than 1 00 nm. 

The aerodynamic particle size distribution of the particles is generally 
between 3 and 5000 nm, typically between 5 and 1000 nm, more typically between 
30 10 and 200 nm. It is prefened that more than about 95 % of the mass is in the 

particles having a diameter of 1000 nm or less, particularly 500 nm or less. It is also 
preferred that at least about 10 %, particularly at least about 20 %, most preferably at 
least about 50 %, of the mass is in the particles having a diameter of less than 100 
nm. 



35 



Preferably, the particles have a narrow particle size distribution with 
geometric standard deviation less than 2, preferably less than 1.5, most preferably 
less than 1.3. 
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The particles of the invention have the relative degree ot crystainnity 
preferably 50 % or higher, more preferably 90 % or higher, most preferably 99 % or 
higher. The relative degree of crystallinity can be estimated e.g. based on TEM 
electron diffraction patterns or x-ray powder diffraction patterns. 

5 

Typically, the particles obtained are essentially spherical, i.e. the spherical 
form is consistent and apparent when examined under a scanning electron 
microscope or transmission electron microscope. Typically, the particles obtained 
have rough surface, i.e. the roughness is consistent over the entire surface of the 
1 0 particle, apparent when examined under the scanning electron microscope or 
transmission electron microscope, and the ratio of the maximum and minimum 
diameter of the particle is between 1.001 - 1.5, preferably between 1.002 - 1.2, more 
preferably between 1.01-1.1. 

1 5 According to one preferred embodiment of the invention, the active agents 

constitute at least 90 w-%, preferably at least 95 w-%, more preferably at least 99 w- 
%, of the total weight of particles, and most preferably the particles are essentially 
free from other material than the active agents. 

20 However, and according to another preferred embodiment of the invention, 

various additives known in the art may be additionally incorporated in the particles 
together with the active agents. Such additives include e.g. diluents, carriers and 
stabilizers and the like. In such case the additives are included in the liquid feed 
stock of the process together with the active agents. 

25 

The particle size may be controlled to any desired particle size ranges by 
selection of the atomizer and its operating conditions and concentration and 
composition of the liquid feed stock, or employing a droplet size modification 
apparatus (e.g. impactor or virtual impactor, or using size selective collection 
30 particles, e.g. cyclone) upstream or downstream of the flow reactor. 

For the tubular flow reactor, while there are no particular restrictions, it is 
recommended to use a vertical, rather than horizontal configuration in order to 
minimise buoyancy effects and related losses due to recirculating flow. To ensure 
35 uniform temperature and flow fields in the hot zone of the reactor, CFD 

(Computational Fluid Dynamics) calculations have shown that it is preferable that 
the aerosol flows against gravity. While there is no particular restrictions placed on 
the orientation, it has been found that flow in any other direction tends to produce 
undesirable reactor conditions. The reactor tube is preferably maintained at a uniform 
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reactor wall temperature during the process. The reactor temperature is set sucn mat 
the materials being processed do not decompose. Typically the selected reactor 
temperature is within the range of about 30 to 300 °C. The reactor tube may be 
maintained at a constant temperature or divided into different temperature zones, 
5 over its entire length. The constant temperature is preferred. 



While there are no particular restrictions placed on the particle collection, it is 
recommended to use a system that can be heated to prevent the re-condensation 
process. Electrostatic precipitators (ESP), cyclones, filters and/or wet particle 
1 0 collection such as wet ESP can be used for this purpose. Accordingly, the particle 
collection system and the line from the flow reactor outlet to the particle collection 
system are preferably heated to a temperature above the boiling point of the solution 
to prevent the re-condensation process to occur. 

1 5 Various compositions comprising nano-sized particles of the invention can be 

prepared according to the methods known in the art. The particles obtained are 
generally well suited for use as tablet, capsule, powder for inhalable drugs, powder 
dispersed in liquid or colloidal suspension for transdermal drug delivery or 
pulmonary delivery using pMDIs or nebulizers. Nano-sized particles show improved 

20 dissolution rate in-vitro and bioavailability in-vivo, dispersibility and stability. The 
particles may optionally be combined with a pharmaceutically acceptable carrier 
materials or excipients, which are suitable for the drug delivery. Such carriers maybe 
used simply as bulking agents, to improve the dispersibility of the powder, as 
controlled-release, or as surface stabilizers. 

25 

The invention is further illustrated by the following experiments, which are 
not meant to limit the scope of the invention. 



Example 1 . Nano-sized beclomethasone dipropionate particles 

30 

Figure la shows the experimental set-up of the particle synthesis, and Fig. lb 
shows optional configurations used for particle analysis. Beclomethasone 
dipropionate is an anti-inflammatory glucocorticosteroid, used for asthma therapy. 
The beclomethasone dipropionate liquid feed stock was prepared by dissolving 0.25 
35 g of beclomethasone dipropionate powder in 1 liter of ethanol (99.5%) at room 
temperature. The liquid feed stock described above was atomised using an air- 
assisted aerosol generator (1), sold under trade mark TSI 3076, operating at solution 
feed rate of 0.1 to 2 ml/min. The resulting droplets, which were suspended into 
carrier gas, were then passed through a heated tube flow reactor (4). Nitrogen gas is 
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preferably used as a carrier gas. The carrier gas flow rate to the reactor was Kept 
constant at 1.5 1/min. The excess gas was drawn to a dripping bottle (2) and then 
directed to a vacuum via a filter (3). A heated vertical laminar flow reactor tube (4) 
was used to evaporate the solvent from the droplets. The reactor tube is made of 

5 stainless steel, with an inner diameter and a heated length of 30 and 800 mm, 

respectively. The reactor temperature was set at 150 °C. Particle residence time in the 
heated zone under the selected process conditions is preferably between 2 and 30 
seconds, with total residence time preferably between 12 and 50 seconds. The flow 
reactor design and the experimental conditions were optimised using CFD 

1 0 calculations, to ensure sufficient uniformity of the temperature and velocity fields 
and that there are no recirculating regions in the heated zone. The resulting particles 
were then collected using teflon filter (5) for further particle chracterization. 



15 



Characterisation 

i. Particle size analysis 



Referring now to Fig. lb, the particle size distribution was measured by an 
electrical low pressure impactor (8) (ELPI) connected to a vacuum. The particles 

20 exiting the tubular reactor were passed into a diluter (6), with a dilution ratio of 1 : 1 0, 
before entering the ELPI. Some particles exiting from the first diluter were sampled 
directly into a TEM grid (7) via a combination electrostatic precipitator connected to 
a vacuum, for morphology analysis. To minimize temperature gradient, and thus to 
reduce the moisture condensation, the diluter, the line to the diluter and the gas line 

25 into the diluter were layered with heating elements that were kept also at 100°C. The 
gravimetric measurement shows that a narrow particle size distribution within the 
range of aerodynamic size of interest, i.e. at around 30-200 nm, was obtained, as 
shown in Figure 2 (dN/dlogP ae vs. /im). 

30 ii. Particle morphology and crystallinity analysis 



An electrostatic precipitator (ESP, InTox product) (7) was used to gather the 
particles on a carbon-coated copper grid (SPI Holley Carbon Grid). The morphology 
and crystallinity of the particles were then examined using a field emission transmis- 
35 sion electron microscope (TEM, Philips CM200 FEG). Figures 3a and 3b show some 
TEM images of the particles. It is shown that the particles have curved surfaces with 
diameter of about 30-200 nm. The diffractogram of the particles, shown in Figure 4, 
indicates that the particle is crystalline. 
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Example 2 . Nano-sized naproxen particles 

Naproxen is a non-steroidal anti-inflammatory analgesic agent used in the 
5 treatment of rheumatoid conditions. The naproxen liquid feed stock is atomized 
using a TSI 3076 aerosol generator, operating at solution flow rate of 0.1 to 2 
ml/min. The resulted droplets, which are suspended into nitrogen gas, are then 
passed through a heated tube flow reactor. The oven temperature is set constant at a 
temperature of 150°C. 
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1 . A method for preparing free nano-sized particles of an active agent, 
comprising the steps of: 

5 providing a liquid feed stock comprising an active agent or combination of two 
or more active agents; 

atomising the liquid feed stock to create droplets; 
suspending said droplets in a carrier gas; 

passing said carrier gas and droplets suspended therein through a heated tube 
1 0 flow reactor under predetermined residence time and temperature history; and 
collecting the nano-sized particles produced. 

2. A method according to claim 1, wherein the particles are crystalline and have 
controlled particle size and shape. 

15 

3. A method according to claim 1 or 2, wherein the particles have mean mass 
aerodynamic diameter less than 500 nm, preferably less than 200 run, more 
preferably less than 100 nm. 

20 4. A method according to any of claims 1 to 3, wherein the particles have a 

narrow particle size distribution with geometric standard deviation less than 2, 
preferably less than 1.5, most preferably less than 1.3. 

5. A method according to any of claims 1 to 4, wherein the particles are 
25 uncharged. 

6. A method according to any of claims 1 to 5, wherein the particles are 
collected using a particle collection system selected from a group consisting of an 
electrostatic precipitator, a cyclone, a filter, a settling chamber, or an impactor. 

30 

7. A method according to any of claims 1 to 6, wherein the particle collection 
system is heated to a temperature above the dew point temperature of the solution to 
prevent condensation. 

35 8. A method according to any of claims 1 to 7, wherein the liquid feed stock is in 

the form of a solution, suspension, dispersion, gel, emulsion, slurry or the like. 



9. A method according to claim 8, wherein the solvent of the solution is water, 
hydrocarbon, halogenated hydrocarbon, alcohol, ketone and the like. 
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10. A method according to any of claims 1 to 9, wherein the active agent is a 
therapeutic, cosmetic or diagnostic agent. 

5 1 1 . A method according to any of claims 1 to 10, wherein the active agent is a 

photochemical, catalyst, fertilizer, pigment, propellant, food, explosive or agriculture 
agent. 

12. A method according to claim 10, wherein the therapeutic agent is an anti- 

1 o inflammatory agent, a bronchodilating agent, an antibiotic agent, an antiviral agent, 
an immunosuppresive agent, an immunostimulatory agent, an antifungal agent, an 
anesthetic agent, an antioxidant, an antidiabetic agent, vitamin, hormone, 
antiepilectic agent, an anticancer agent, a muscle relaxant, an anti-HIV agent, 
stimulant, a cough suppressant, pain control, smoking cessation, anti alcohol abuse 

15 agent 

13. A method according to claim 12, wherein the anti-inflammatory agent is 
aspirin, naproxen, indomethacin, ibuprofen, fenoprofen, acetaminophen, 
beclomethasone, diclofenac or a salt thereof. 

20 

14. A method according to claim 13, wherein the bronchodilating agent is 
salbutamol, salmeterol, fonnoterol, terbutaline, procaterol or a salt thereof. 

15. The method according to claim 10, wherein the active agent is a peptide, 
25 protein, steroid, nucleic acid, carbohydrate, lipid or a radioactive compound. 

16. Nano-sized particles prepared according to any of claims 1 to 15. 

17. Nano-sized particles according to claim 16, formulated as dry powder, tablet, 
30 capsules, powder dispersed in liquids, or colloidal suspension. 

18. A pharmaceutical, cosmetic, diagnostic, photochemical, catalyst, fertilizer, 
pigment, propellant, food, explosive or agriculture composition comprising nano- 
sized particles according to claim 16. 

35 
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Fig. 2 
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